Abstract The glomerular basement membrane (GBM) is an especially thick basement membrane that contributes importantly to the kidney's filtration barrier. The GBM derives from the fusion of separate podocyte and endothelial cell basement membranes during glomerulogenesis and consists primarily of laminin-521 (α5β2γ1), collagen α3α4α5(IV), nidogens-1 and -2, and agrin. Of these nine proteins, mutations in the genes encoding four of them (LAMB2, COL4A3, COL4A4, and COL4A5) cause glomerular disease in humans as well as in mice. Furthermore, mutation of a fifth (Lama5) gene in podocytes in mice causes proteinuria, nephrotic syndrome, and progression to renal failure. These results highlight the importance of the GBM for establishing and maintaining a properly functioning glomerular filtration barrier.
Introduction
The glomerular filtration barrier between the vasculature and urinary space is tailored to allow the efficient flow of water and small solutes while retarding the passage of plasma proteins, notably albumin and immunoglobulins. Since the first visualization of the glomerular capillary wall's fine structure by electron microscopy in the 1950s, there has been an ongoing debate among nephrologists, anatomists, pathologists, and molecular cell biologists regarding the origin/mechanism of glomerular permselectivity [1] . In this review I will summarize our current understanding of the cellular and extracellular components of the glomerular capillary wall and focus on the composition of the glomerular basement membrane (GBM) as it relates to permselectivity and kidney disease.
Composition of the glomerular capillary wall
The glomerular capillary wall is a three-layered structure that lies between the vasculature and Bowman's space and serves as the only barrier between the bloodstream and the urine. Of the three layers, two-the podocyte layer and the endothelial layer-are cellular, whereas the third-the GBM-is a specialized extracellular matrix lying between the two cellular layers. Both podocytes and endothelial cells synthesize and secrete components of the GBM during glomerulogenesis, and both cell types are likely important for maintaining the GBM's structure and function after glomerular maturation [2] [3] [4] . Although the focus of this review is the GBM, each of the three layers will be discussed, as all three are necessary components for establishing and maintaining an intact filtration barrier.
Podocytes
Podocytes, which are also known as glomerular visceral epithelial cells, are anatomically unique epithelial cells that reside within Bowman's space and are therefore bathed in the primary filtrate. Podocytes enwrap the outer aspect of the glomerular capillaries by extending narrow processes (called "foot processes") that interdigitate with those of neighboring podocytes. Adjacent foot processes are directly linked to one another by the glomerular slit diaphragms; these derive from molecular modification of the tight junctions that joined the previously columnar, immature podocytes present at earlier stages of glomerulogenesis [5] .
Like the tubular epithelial cells of the nephron, podocytes derive from the metanephric mesenchyme, a population of mesoderm-derived cells that become determined to form nephrons during early embryogenesis. At the beginning of meta-nephrogenesis, the epithelial ureteric bud invades the metanephric mesenchyme and induces it to condense and undergo a mesenchyme to epithelium transition to form the renal vesicle. Activation of various signaling pathways results in morphological changes to the renal vesicle and segmentation of the resulting pre-nephron "S-shaped" structure into podocytes, parietal epithelial cells that form Bowman's capsule, and the tubular segments of the nephron [6] .
Glomerular endothelial cells
Like all blood vessels, the glomerular capillaries are lined internally by endothelial cells in direct contact with the bloodstream. However, glomerular endothelial cells are unusual because they bear many fenestrations (from the Latin fenestra, window). Fenestrations are patent holes in the cells that allow the passage of fluid across the endothelial cell layer. It is clear from electron microscopy studies that some of these fenestrations have wagon wheellike diaphragms similar to those found in peritubular capillaries and in pancreatic islet endothelial cells, while many of the fenestrations do not have diaphragms. The lack of diaphragms likely promotes the flow of plasma across this proximal layer of the glomerular filtration barrier.
Despite the presence of what usually appear under the electron microscope to be wide open fenestrations in the glomerular endothelium, special methods of fixation and staining have revealed the presence of filamentous plugs in the fenestrations. The composition of these plugs is thought to be a form of glycocalyx assembled by the glomerular endothelial cells on their cell surfaces. The plugs have been hypothesized to serve as barriers to the passage of plasma proteins [7] [8] [9] .
Glomerular basement membrane
The GBM can in some ways be viewed as a typical basement membrane: it has an electron-dense lamina densa when viewed under the electron microscope, and it is formed by associations among the same general classes of macromolecules found in all other types of basement membranes. However, the GBM also has some atypical attributes. It is unusually thick compared to most other basement membranes; this stems from the fact that the GBM forms during glomerulogenesis by the fusion of two distinct basement membranes, the endothelial and the visceral epithelial basement membranes [3] . In addition, the GBM has an unusual composition compared to most other basement membranes, presumably due to its unique functional properties. The GBM contains laminin, type IV collagen, nidogen, and heparan sulfate proteoglycan (HSPG), components found in all basement membranes, but for some of these classes, the specific isoforms present in the GBM are very different than those found in other basement membranes. Even the contiguous Bowman's capsule and tubular basement membranes, for example, have a very different complement of isoforms compared to the GBM.
Laminin
Laminin describes a family of large, evolutionarily related glycoproteins that assemble with each other in a nonrandom fashion to form at least 15 different αβγ heterotrimeric macromolecules that are secreted by various types of cells into the extracellular space. Laminin trimers are named based on their chain composition; for example, a trimer containing the laminin α2, β1, and γ1 chains is called laminin-211, or LM-211 [10] . Most laminin heterotrimers are cross-shaped structures, with the one "long arm" formed by association of the α, β, and γ chains via coiled-coil interactions and disulfide bonding, and the three "short arms" with NH2-terminal globular domains (called LN domains) that mediate laminin polymerization in the extracellular space. The large, approximately 100kDa laminin globular (LG) domain at the distal end of the long arm (formed exclusively by the COOH-termini of α chains) mediates interactions with receptors on the surface of cells. A number of in vitro and in vivo studies suggest that laminin polymerization in the extracellular space is required for the initiation of basement membrane formation. In addition, laminin polymerization via the short arms is facilitated by LG domain interactions with cellular receptors, perhaps because of the increase in effective laminin concentration that results near the cell surface. Intracellular signaling events induced by laminin binding are also involved in promoting laminin polymerization and basement membrane formation [11] .
The major laminin trimer found in the mature GBM is LM-521 (α5β2γ1). LM-521 is secreted by both podocytes and endothelial cells [2] . At early stages of glomerulogenesis, when the glomerular endothelial cells migrate towards the presumptive podocytes to begin to form the glomerular capillaries and the GBM is first recognizable as such, LM-111 and LM-511 are the major laminin components [12] . However, as the capillaries begin to mature, LM-521 begins to be deposited by the podocytes and endothelial cells, and LM-111 and -511 are eventually eliminated [12, 13] . The molecular mechanisms responsible for these developmental transitions have yet to be discovered, but as mentioned below they are crucial to ensure proper permselectivity.
Type IV Collagen
Like all collagens, type IV collagens are secreted as heterotrimers (also called protomers) composed of three α chains whose sequences include collagenous domains consisting of many Gly-X-Y amino acid triplet repeats. The presence of glycine at every third residue allows the chains to assemble into a triple helix, as glycine is the only amino acid that can fit at the center of the helix. However, unlike the rigid forms of collagen that are associated with bone, for example, collagen IV α chains contain multiple interruptions of the Gly-X-Y repeats scattered throughout the collagenous domain. These interruptions are thought to provide flexibility to the collagen IV trimers and therefore to the collagen IV network, which is formed by covalent and non-covalent interactions among trimers [14] .
Aside from the central collagenous domain containing the interruptions, all six collagen IV α chains also have a small noncollagenous NH2-terminal domain called 7S and a larger COOH-terminal noncollagenous domain called NC1. Both of these domains are involved in linking trimers to each other to promote collagen IV network formation. In addition, the NC1 domain is crucial for directing the composition of collagen IV heterotrimers; information in the form of sequence and structure embedded in the NC1 domain ensures that only three types of trimers form: (α1) 2 α2, α3α4α5, and (α5) 2 α6 [15] .
The collagen IV network of the mature GBM is composed primarily of α3α4α5 heterotrimers, although there is also some (α1) 2 α2 that is detectable by immunohistochemical methods, especially at the GBM's endothelial aspect. Consistent with this, podocytes-but not endothelial cells-synthesize the α3α4α5 network [4] , so it is likely the α1 and α2 chains that are present in the GBM derive from the glomerular endothelial cells. As with laminins, there are also developmental transitions in collagen IV gene expression during glomerulogenesis. At early stages, only α1 and α2 chains are detected, but as the glomerular capillaries begin to mature, there is a gradual increase in deposition of the α3, α4, and α5 chains [13] . This developmental transition in collagen IV network expression has been shown to occur during human, dog, and mouse kidney development [13, 16, 17] .
Nidogens
Nidogens-1 and -2 are dumbbell-shaped basement membrane proteins that bind tightly to the laminin γ1 chain short arm and also bind to type IV collagen [18] . Thus, nidogen was initially thought to be crucial for basement membrane formation as a linker between the separate laminin and type IV collagen networks. However, the generation and analysis of single and double nidogen-1 and -2 knockout mice show that basement membranes can form in the total absence of nidogen, although some basement membranes that are subject to increased stress during development exhibit impaired integrity in the absence of both nidogens [19] . Both nidogen-1 and -2 are present in the GBM, but little is known about their developmental expression patterns.
Heparan sulfate proteoglycans
Heparan sulfate proteoglycans consist of a protein core with covalently linked glycosaminoglycan side chains. These side chains are frequently modified by sulfation, which imparts a negative charge to the proteoglycan. Although perlecan is likely the most common HSPG found in basement membranes, the mature GBM contains primarily agrin [20] . Agrin is best known for its role in the neuromuscular system, where a particular splice form secreted by motor neurons is crucial for the development and organization of neuromuscular junctions [21] . Although agrin is the major GBM HSPG at maturity, during glomerulogenesis there appears to be co-distribution of perlecan and agrin, following which perlecan disappears and becomes confined to the mesangial matrix [22] .
The GBM's contribution to permselectivity
Since the identification of mutations in nephrin, a component of the glomerular slit diaphragm, in congenital nephrotic syndrome of the Finnish type [23] , podocytes have become a major focus of research aimed at elucidating the nature of the glomerular filtration barrier. There are now known to be numerous genes expressed in podocytes whose mutation in humans and/or mice results in impaired glomerular permselectivity and nephrotic range proteinuria [24] . This certainly validates the importance of podocytes for establishing and maintaining the glomerular filtration barrier. However, the GBM should not be ignored or forgotten [25] . (The same holds true for the endothelial glycocalyx [9] , but that is beyond the scope of this review.) Indeed, of the nine known matrix proteins present in the mature GBM, mutations that affect four of them cause glomerular disease in humans, and mutation of a fifth causes nephrotic syndrome in mice [26] . These will now be discussed.
The first GBM protein shown to be affected in a human disease is collagen α5(IV) [27] . Mutations in COL4A5 cause the X-linked (and most common) form of Alport syndrome, a hereditary glomerulonephritis leading to endstage kidney disease that is accompanied by hearing loss and lens defects [28] . As discussed above, the α5 chain of type IV collagen is a component of the α3α4α5(IV) trimer that is present in the GBM. In the absence of α5(IV), these trimers and the network they would normally form within the GBM are absent. Likewise, homozygous mutations that affect COL4A3 or COL4A4 also prevent production of the α3α4α5(IV) trimer and cause the autosomal recessive form of Alport syndrome. In the absence of the usual GBM collagen IV network, there is substitution or compensation by the (α1) 2 α2(IV) network throughout the width of the GBM [29] . Although this network functions adequately for several years in Alport patients, eventually there is splitting and thickening of the GBM associated first with hematuria and later with proteinuria. Given that, it seems that the identity of the collagen IV network may not be an important determinant of glomerular permselectivity. It is worth mentioning here that dominant mutations in human COL4A1 also cause several forms of kidney disease with diverse extrarenal manifestations [30, 31] .
In contrast to the delayed onset proteinuria in Alport syndrome, patients with Pierson syndrome exhibit congenital nephrotic syndrome, as well as extrarenal manifestations, such as small pupils and neurological abnormalities [32] . Pierson syndrome is caused by truncating or severe missense mutations in LAMB2 [33] , which encodes the laminin β2 chain. Lamb2-/-mice, which lack detectable laminin β2, have nephrotic syndrome [34] , severe neuromuscular abnormalities [35] , and retinal defects [36] , all of which are consistent with the features of Pierson syndrome. Patients with some apparently less severe missense LAMB2 mutations have nephrotic syndrome and significantly milder extrarenal defects [37, 38] . These data suggest that laminin β2 and the laminin-521 trimer of which it is normally a part in the GBM contribute directly to the filtration barrier. Studies in Lamb2-/-mice at different ages showed that proteinuria precedes foot process effacement and the loss of slit diaphragms, indicating that the GBM was indeed defective and that it normally serves as an important component of the filtration barrier, whereas loss of foot processes seems to be a secondary response to proteinuria [39] .
Regarding the other components of the GBM, lack of either nidogen-1 or nidogen-2 results in viable mice [19] and no significant defects in glomerular filtration. Similarly, lack of agrin in the GBM has no discernible effect on filtration, despite the fact that its loss causes a dramatic reduction in the GBM's concentration of anionic sites [22] . Finally, although no mutations affecting human laminin α5 or laminin γ1 have been discovered, likely due to early prenatal lethality, podocyte-specific mutation of Lama5 in mice results in proteinuria that in many cases progresses to nephrotic syndrome and renal failure [26] .
